Cadherins are a family of Ca 2 + -dependent cell adhesion molecules, that includes P-cadherin, Ecadherln, N-cadherln and L-CAM. In this study, the genomic organization of the mouse P-cadherin gene was determined by analyzing overlapping DNA clones obtained from a mouse genomic library. The results showed that this gene spans over 45kb and consists of 15 exons. A marked feature of this gene Is that the first Intron Is 23kbp long accounting for half Its length. Comparisons of this structure with that of L-CAM, a chicken cadherin, revealed that the exon-intron boundaries are conserved between the two genes except that the P-cadherin first exon Includes the correspoding first and second exons of the L-CAM gene. This gene was also similar to the other in that the second intron, which corresponds to the P-cadherin first intron, is exceptionally longer than other introns. These results suggest that the exon-intron pattern conserved In these genes is of significance for generation of domain structure of cadherin molecules or for their transcriptlonal regulation. We also determined the chromosomal localization of the Pcadherin gene by interspecific backcross analysis, and found that this gene is located In the central region of mouse chromosome 8 and linked with the E-cadherin locus. This is the first evidence for the linkage of different cadherin genes.
INTRODUCTION
Cadherins are a gene family of Ca 2+ -dependent cell-cell adhesion receptors (1) . Members of the family includes Ecadherin (uvomorulin) (2,3), P-cadherin (4) , N-cadherin (5,6), R-cadherin (7), L-CAM (8) and EP-cadherin (9) . They share a common domain structure, and their amino acid sequences are conserved in a range of 45% to 74%. Recently, novel forms of cadherin have been identified. One is T-cadherin; this molecule is similar to other cadherins at the extracellular domain, but it has no cytoplasmic domain (10) . A desmosomal glycoprotein, desmoglein I, is similar to cadherins, but they have additional sequences at the carboxy terminus as well as some deletions in the extracellular domain (11) . Other desmosomal glycoproteins also seem to be modified forms of cadherin (12) . Also, Drosophila/a/ has cadherin-like sequences, although its overall structure is different from the original cadherins (P. Mahoney and C. Goodman, personal communication). These findings suggest that cadherins constitute a superfamily through vertebrates to invertebrates.
Each of the members of the cadherin family shows a unique pattern of tissue distribution that is developmentally regulated, and the pattern is generally associated with morphogenetic events such as the separation of cell layers, epithelial-mesenchymal cell transition and condensation or dispersion of cell mass (1) . Moreover, in vitro studies revealed that these molecules bind cells by their homophilic interactions, and, through this property, they seem to contribute to the selective adhesion of different cell types (1) . All these results suggest that the differential expression of cadherins during development play important roles in morphogenesis of embryos.
In order to further pursue the function of cadherins, genetic approaches will be essential. To this aim, it is important to reveal the structure and chromosomal localization of the cadherin genes.
The results of such studies should also provide us with significant information for dissecting the cis-acting sequences necessary for tissue specific expression of these genes. So far, the structure of the L-CAM gene has been reported (13) , but no information is available for genomic structure of other cadherins. Regarding chromosomal mapping, the human E-cadherin gene has been localized to chromosome 16 in the region of 16pl l-16qter (14) , and the mouse E-cadherin gene to chromosome 8 (15) . Also, the human N-cadherin gene has been mapped to chromosome 18 (16) .
The aim of the present study is to reveal the genomic organization of the mouse P-cadherin gene and its chromosomal localization. The results show that the exon-intron boundaries are highly conserved between the mouse P-cadherin and chicken L-CAM genes, and the P-cadherin gene is tightly associated with the E-cadherin gene.
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Xh RV So Figure 1 . Genomic organization of the mouse P-cadherin gene. The 15 exons encoding the mouse P-cadherin gene are shown as vetical bars for coding region and open boxes for noncoding regions. The genomic clones are aligned with respect to the genomic DNA at the middle, and restriction maps are shown at the bottom of the figure. The sites for NotI and Sail were not found. RI, EcoRI; Ba, BamHI; Xh, Xhol; RV, EcoRV; Sp, SphI; Sm, Smal; Sc, SacI; Hd, HindHI.
MATERIALS AND METHODS
Construction of a mouse genomic library
Genomic DNA purified from E14 embryos of C57/BL6 mice was digested partially with Sau3AI, and approximately 15kbp fragments of the DNA were isolated by sucrose density gradient centrifuge. These DNA fragments were ligated with EMBL4 phage arms that were purified after digestion with BamHI and Sail, and packaged in vitro (Gigapack Gold, Stratagene, U.S.A.). The titer of the obtained library was 6X10 6 p.f.u.
Isolation and analysis of genomic clones
Gene cloning, restriction mapping and sequence analysis were done by standard methods (17) with some modifications. The mouse genomic library was screened with the full length mouse P-cadherin cDNA (4) labelled with [a 32 P]dCTP (Amersham, UK) using a nick translation or a random primer lalbeling kit (Takara, Japan). Positive clones were digested with EcoRI or BamHI, and each fragment was cloned into pUC vector. These subclones were used as templates for restriction mapping and sequence analysis. DNA sequences were determined by the method of ExoUI-Mung bean nuclease deletion, followed by 7-deaza dideoxy chain terminating reaction (Takara, Japan) using double strand templates.
Interspecific backcross mapping
Interspecific backcross progeny were generated by mating (C57BL/6JXM spretus)¥ x females and C57BL/6J males as previously described (18) . A total of 205 N 2 progeny were obtained; a random subset of these N 2 mice were used to map the P-cadherin locus (see text for details). DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, Southern blot transfer, and hybridization were performed essentially as described (19) . All blots were prepared with Zetabind nylon membrane (AMF-Cuno). The P-cadherin probe, a 3.2 kb full length mouse cDNA (4), was labeled with phosphoribosyltransferase (Aprt) have been reported previously (20) . One locus included in this study has not previously been reported for our interspecific mouse backcross. The probe for the E-cadherin (uvomorulin) locus (F5H3) was a 900 bp mouse cDNA (15) . A 3.2 kb fragment was detected in PstI digested C57BL/6J DNA; a 5.6 kb fragment was detected PstI digested M. spretus DNA. The E-cadherin locus has previously been assigned to the central region of mouse chromosome 8 (15) . The P-cadherin probe does not cross hybridize to the E-cadherin locus. Recombination distances were calculated as described (21) using the computer program SPRETUS MADNESS developed by D. Dave (Data Management Services, Inc., Frederick, Maryland) and A.M. Buchberg (NCI-FCRDC, ABL-BRP, Frederick, Maryland). Gene order was determined by minimizing the number of recombination events required to explain the allele distribution patterns.
RESULTS AND DISCUSSION
Genomic organization of the mouse P-cadherin gene
We screened a mouse genomic library and isolated 12 independent clones. All EcoRI fragments obtained from the phage clones were subcloned, and the nucleotide sequences at each end of the fragments were determined. This sequence analysis allowed to confirm the linkage of the phage clones. Seven of 12 clones are aligned in Figure 1 .
We also found that the P-cadherin gene is a single copy in the mouse genome by Southern blot analysis (data not shown).
Restriction mapping and sequence analysis showed that the mouse P-cadherin gene spreads over 45 kbp and consists of 15 exons. The whole structure of the gene and restriction sites are shown in Figure 1 , and the DNA sequences of exon-intron boundaries are shown in Figure 2 . All the boundaries fit with the GT-AG rule. The length of the introns varies from 128bp to 23kbp. A marked feature of this gene is that the first intron spreads over 23kbp and occupies more than half the length of the gene. The relationship between the exon-intron boundaries and the primary structure of the protein is described in Figure 3 .
Comparison with L-CAM gene structure
The structure of the mouse P-cadherin gene was compared with that of chicken L-CAM, a member of the cadherin gene family, reported by Sorkin et al. (13) . The size of these genes was quite different. While the P-cadherin gene is 45kb long, the L-CAM gene is only 9kbp. However, it was found that, in spite of such a difference, all the exon-intron boundaries were conserved between the two cadherin genes, except that the P-cadherin gene has 15 exons whereas L-CAM has 16 exons (Figure 3 ). The first P-cadherin exon covers the regions corresponding to the first and the second exons of L-CAM. To confirm the number of exons at the 5' end of the P-cadherin gene, we isolated more cDNA clones by screening a cDNA library with a 5'-probe. The longest cDNA clone isolated had a 791bp 5'-untranslated sequence. We found that this sequence is included in the first exon, and thus could not find any other introns in more upstream regions.
The conservation of the exon-intron boundaries between the P-cadherin and L-CAM genes suggests that this pattern may be asscociated with the domain structure of cadherin molecules. It appears that introns do not split amino acid sequences of the putative functional domains so far identified. The amino acid sequence DADD at position 280 to 283 in E-cadherin (uvomomlin) was recently identified as a Ca 2+ binding domain (22), and the DXDD sequence is preserved in all the cadherins identified, in which X represents A or E. The corresponding sequence is located within the 6nd exon of the P-cadherin gene (Figure 3) . The cleavage site for generating the mature form of cadherins at their amino terminus (23) is located in the center of the P-cadherin 3rd exon. Cadherins are associated with cytoplasmic components, called catenins, and the deletion of 64 amino acids from a region of the cytoplasmic domain of Ecadherin abolishes this activity (24-27). The P-cadherin 15nd exon roughly corresponds to this catenin-binding region (Figure 3) . The genomic organization of the cadherin genes therefore might reflect the conserved motifs of these proteins, as discussed for other proteins (28).
We recently found that the mouse N-cadherin gene also has the same exon-intron boundaries (S. Miyatani and M. Takeichi, in preparation). This finding further supports the significance of the conserved exon-intron pattern in cadherin gene organization.
Sequence analysis of cadherins indicates that the extracellular domain contains four units of repeated sequences (Figure 3) , of which the first and second repeats most resembles each other (5) . However, the pattern of exon-intron boundaries does not correspond to such repeated sequences. For considering the significance of the exon-intron pattern in more detail, it would be necessary to obtain more information about the function of each domain of cadherin molecules.
It should also be emphasized that the overall pattern of introns of the P-cadherin gene is similar to that of L-CAM. The first intron of the mouse P-cadherin gene spreads over half the gene, spanning 23kb, as described above, and the corresponding intron of chicken L-CAM is 3.5kbp long and occupies more than one third of the 9kbp L-CAM gene. Our recent results indicate that the first intron of the P-cadherin gene contains enhancer activities (M. Hatta and M. Takeichi, in preparation). Therefore, the long size of this intron might have to do with transcriptional regulation of this gene.
Chromosomal localization of the P-cadherin gene
The mouse chromosomal location of the P-cadherin locus (Pcad) was determined by interspecific backcross analysis using progeny derived from matings of [(C57BL/6JxAfiis spretus)F } X C57BL/6J] mice. This interspecific backcross mapping pane 1 has been typed for over 660 loci that are well distributed among all the autosomes as well as the X chromosome. C57BL/6J and M. spretus DNAs were digested with several enzymes and analyzed by Southern blot hybridization for informative restriction fragment length polymorphisms (RFLPs) first using the Pcadherin probe. A 3.1 kb M. spre/us-specific PvuII fragment and the 8.2 and 2.9 kb M. spretus-specific Bgll fragments were followed (see Materials and Methods). Analysis of the backcross progeny indicated that M. spretus specific PvuII and Bgll RFLPs were not fixed in the M. spretus mice used to establish the Fl hybrid animals. Consequently, only the 50 animals inheriting the M. spretus specific RFLPs were scored in this analysis. combinations for recombination frequencies using the additional data. The ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analyzed for each pair of loci and the most likely gene order are: (20) . The linkage of Ecad and Pcad on mouse chromosome 8 is of particular interest since the two gene products are structurally related and the loci may have arisen by gene duplication. In addition, the distal region of mouse chromosome 8 shares a region of homology with human chromosome 16q (summarized in Ceci et al., (20) . In particular, Ecad and Hp have been assigned to 16q22.1 (14, 29) . The placement of Pcad in this region suggests that the human homolog of P-cadherin may reside on the long arm of chromosome 16, perhaps at band 22.1. The number of members of the cadherin gene family is increasing, and they seem to be divided into subfamilies on the basis of sequence similarities (30). It should be important to determine the genomic organization and chromosomal localization of all these members for understanding of their functional and evolutionary relationships in future studies. 
